of these authors reported simultaneous measurements of meteorological variables, and no one has published information pertaining to free-flight rates of water loss.
It is almost impossible to make physiological measurements on the same bird just before and immediately after long-distance migratory flight, let alone measure the meteorological conditions it encountered along the way. To take a fresh look at this problem we developed a computer model, based on first principles, to predict water and energy budgets in flying birds as functions of ambient meteorological condi- Recognizing the limitations of his model for the simulations presented, we used Pennycuick's default values for air density, fat energy density, induced power factor, circulation/respiration factor, and profile and metabolic power ratios. However, since power conversion efficiency has been the subject of recent debate (Raynet 1990 For flight meteorological conditions, we chose those typically found over the Sahara desert at various altitudes in October (autumn; AMMO 1962). Except for one radar study in autumn by Schafer (cited in Moteau 1972), little is known about migration altitudes over the Sahara. Schafer reported a median migration altitude of 2,000 m, but did not document the species observed. We used this height for simulations at constant altitude. For further assumptions, see the Appendix.
Simulations to demonstrate the effects of energy and water budgets on flight duration were done as follows. First, the effects of individual physiological and meteorological variables were tested. In these simulations one variable (e.g. oxygen extraction, exhaled air temperature, power conversion efficiency, air temperature, altitude, etc.) was allowed to change over a range of values, while all others were held constant. Then physiological and meteorological variables were tested in combination to show overall effects.
MODEL RESULTS AND DISCUSSION
Dependence of flight duration on physiological characteristics.--Of the physiological variables examined, we found oxygen extraction and exhaled air temperature to have the most profound effects on flight duration. The higher the oxygen extraction coefficient (EXT), the longer a bird will be able to fly (Fig. 2) . A lower EXT brings about increased pulmonary ventilation volume (i.e. more air must pass through the lungs to supply a given amount of oxygen). This results in higher respiratory water loss and shorter flight duration. Even a slight increase in EXT could lower respiratory water loss and prolong flight duration, which may explain why some birds have evolved higher EXT than found Exhaled air temperature (Tex) may range between air temperature and body temperature; the lower Tex is, the less water is lost in expired air and the longer the bird can fly (Fig. 3) Observations of flight altitude, migration patterns, behavior, and body condition of birds caught at stopover sites along desert migration routes are rare. More field studies no doubt will clarify the picture of trans-Saharan migration strategies in particular, and of long-distance flights over seas or deserts in general.
